The experimental techniques used for the investigation of nuclear fission have progressed considerably during the last decade. Most of this progress is based on the use of the inverse kinematics technique allowing for the first time the complete isotopic and kinematic characterization of both fission fragments. These measurements make possible to characterize the fissioning system at saddle and at scission, and can be used to benchmark fission model calculations. One of the important ingredients in transport models describing the dynamics of the process is the dissipation parameter, governing the coupling between intrinsic and collective degrees of freedom. Recent experiments got access to the magnitude of this parameter and could also investigate its dependence in temperature and deformation.
Introduction
More than 75 years after its discovery, fission still represents one of the most fascinating processes in nuclear physics, but also an important challenge for physicists. Indeed, nuclear fission has implications in many different domains such as the investigation of shell effects at large deformation [1] or the dynamics of highly excited nuclear matter [2] , but also in the understanding of the abundances of elements produced in the stellar nucleosynthesis r process [3] . Moreover, fission also has a relevant societal impact because of its role in energy generation and radioisotope production for medical imaging.
Despite the fact that a global understanding of nuclear fission was proposed soon after its discovery [4] , we are still far from a complete microscopic description. The reason being that fission is a conceptually complicated process where collective and single-particle degrees of freedom interplay. The first attempt to describe the dynamics of fission was put forward by Kramers [5] assuming that the evolution of the deformation degree of freedom can be viewed as a Brownian motion of this collective degree of freedom with a heat bath defined by the single-particle degrees of freedom. The timedependent formulation of this model using a Fokker-Planck equation with a dissipative term describing the coupling between the collective and singleparticle degrees of freedom was introduced by Grangé and collaborators [6] . An analogue formulation is the one based on the Langevin equation [2] or as a random walk, in the limit of strong dissipative coupling [7] , on a multidimensional macroscopic-microscopic potential energy surface [8] .
Accurate microscopic descriptions of the potential energy surface are nowadays obtained with modern implementations of the density functional theory [9] . However, a microscopic description of the full fission dynamics still represents a challenge for theorists. In this respect, approaches based on the time-dependent Hartree-Fock theory have provided relevant progress in the description of the fission dynamics by including nonadiabatic effects close to the scission point [10] .
From an experimental viewpoint, the complete characterization of the fission fragments has been a challenge because of the low energy and high Z values of the heavy fission fragments. The use of inverse kinematics and state-of-the-art detection setups made possible to overcome this situation very recently. On another hand, the dynamics of the fission process has been mostly addressed by using low-energy fission reactions. However, it has been demonstrated that transient effects governing the ground-to-saddle dynamics only manifest in fast fission reactions induced at high energies. In this work we will briefly review the main advances in the investigation of the fission dynamics and we will then concentrate of recent results concerning these investigations at high excitation energy.
Investigation of dynamical effects in fission
The time scale and energy dissipation during the fission path from saddle to scission have been investigated at low energies using observables giving access to the the scission-point configuration. For example, total kinetic energies of the fragments give access to the elongation at scission of the fis-sioning system [11] The sawtoothlike behavior of the prompt-neutron yields was generally attributed to the contribution of the deformation energy to the excitation energy of the fragments [12] . Finally, the odd-even effect in fission-fragment element distributions is another observable used to characterize the energy dissipated between saddle and scission in low-energy fission [13] . However, the interpretation of some of these observable has been recently revisited. K.-H. Schmidt and collaborators explain the sawtoohlike pattern of the prompt-neutron yields, and in particular its energy dependence, and the general trends observed in the odd-even staggering, as due to the energy sorting between both fission fragments according to their size [14, 15] .
The ground-to-saddle dynamics can be investigated using observables sensitive to the corresponding time. The emission of prescission gamma rays and particles, fission cross sections and the width of the charge distribution of the fission fragments have shown that typical ground-to-saddle times are longer than expected from pure statistical considerations [16] . This delay of the fission time is understood as the transient time needed for the coupling between intrinsic and collective degrees of freedom until a stationary flow of the fission width over the barrier is reached. That time can be quantified in terms of a nuclear viscosity parameter in transport equations [6] . Most of the measurements are compatible with a value of the transient time around 1-5 10 −21 s. Those values are negligible when compared to typical statistical times for low-energy fission, therefore reactions inducing fission at high-excitation energies are better suited [17] . Indeed, Grangé and collaborators [6] established that the best conditions for the manifestation of transient effects are the use of reactions leading to fissioning systems not only with large values of excitation energy but also with low values of angular momentum and spherical shapes.
Experimental approaches
Most of the information we have on the saddle-to-scission dynamics at low energy was obtained using neutron-induced fission [12] . This approach allows a precise definition of the initial compound nuclei but can only be applied with a limited number of fissionable target materials. This limitation was overcome using fusion-fission reactions [18] or beta-delayed fission [19] . However, these reactions do not allow for a complete identification of the fission fragments because the charge and velocity of the heavy-fission fragments do not allow to correlate any energy loss with their atomic number.
The real step forward in the investigation of fission was brought by the use of the inverse kinematics. Under those conditions, the boosted fission fragments can be fully identified in atomic and mass number from magnetic rigidity, time of flight and energy-loss measurements [20] . Moreover, one can take advantage of the secondary beams produced in-flight using fragmentation reactions to investigate Coulomb-induced fission for a large number of actinides and pre-actinides [21] . This technique has been also used to investigate the saddle-to-scission dynamics in transfer-induced fission reactions [22] . However, the complete identification of both fission fragments was just achieved recently by combining the inverse kinematics with a large acceptance detection setup [23] .
The inverse kinematics also allows to induce fission using fragmentation or spallation reactions [24] [25] [26] [27] [28] [29] . Those reactions produce fissioning nuclei with large values of excitation energy giving access to the short time delay induced by dissipation until the fission flow over the barrier reaches a stationary regime. Moreover, spallation and fragmentation reactions introduce small shape distortions and low angular momenta. Therefore, these reactions are considered as an optimum tool for the investigation of the ground-to-saddle dynamics [30, 31] .
Ground-to-saddle dynamics
The investigation of the dynamics between the initial state of the fissioning compound nucleus and its configuration at saddle should provide relevant information on the energy transfer between intrinsic and collective degrees of freedom in fission that can be quantified in terms of a dissipation parameter [6] . Those investigations have been mostly carried out using fusionfission reactions [17, [32] [33] [34] [35] [36] [37] [38] . However, those works provided rather unclear conclusions concerning the absolute value of the dissipation parameter and its possible dependences on temperature and deformation. Some reasons could be the strong influence of angular momentum and deformation in the fission probability, and the limited values of excitation energies reached in these reactions [30, 31, 39] .
An interesting alternative to fusion-fission is the use of spallation reactions induced by energetic protons [40, 41] or anti-protons [42] , and fragmentation reactions [30, 43] . These reactions are expected to fulfill the conditions for the manifestation of dissipative effects in fission [6] because they can produced fissioning nuclei with large values of excitation energy but low angular momenta. Moreover, the investigation of these reactions in inverse kinemat- ics facilitates the identification of the fission fragments, giving access to new observables to better constraint dissipative effects in fission [44] .
The ground-to-saddle time, characterizing the fission dynamics at small deformation, can only be deduced from indirect measurements. Some of those are based on measurements of the multiplicity of light-charged particles emitted pre-scission [45] . Unfortunately, those measurements do not only depend on the presaddle transient time but also on the saddle-to-scission time. Fission probabilities [33, 37, 39, 46, 47] or the complementary cross sections of evaporation residues [36, 41, 48] seem to be better suited to constraint presaddle effects. However, fission or evaporation residue cross sections depend on factors other than dissipation such as the fission barriers or the level densities [37, 49, 50] . Indeed, some authors claim that cross sections of fission reactions induced at relatively high energies can be described using purely statistical models, provided that level densities at saddle and ground configuration are adjusted to specific values [51, 52] .
In order to overcome this confusing situation it was proposed the combined measurement of several independent observables constraining the main parameters defining the fission probability. The first observable proposed, together with the fission cross sections, was the width of the charge distribution of the final fission fragments [40] . The choice of this observable was based on the fact that the width of the charge or mass distribution of the fission fragments at their initial formation close to the saddle point is determined by statistical fluctuations and therefore by temperature [53] . Moreover, if one takes into account that fission fragments deexcite mainly emitting neutrons, then we conclude that the charge distribution of the final fragments should be very close to the same distribution at saddle and should provide an indirect measurement of the energy dissipated between ground and saddle.
A step further was proposed in Refs. [43, 44] where the charge distribution of the final fission fragments was sorted as a function of the sum of the atomic numbers of the two fragments. In this case, the sum of the atomic numbers of the two fragments represents the size of the fissioning nuclei. In spallation and fragmentation reactions the size of the compound nuclei is correlated with the impact parameter and then, with the energy gained during the collision phase. In these works it was also proposed to correlate the fission cross sections with the size of the fissioning nucleus. In Fig. 1 we depict an example of both graphs obtained for the reaction 208 Pb+p at 500 A MeV taken from [54] . As can be seen in the upper panel, fission cross sections 
decreases with the size of the fissioning nuclei as expected for nuclei with lower fissility. An exception are the fissioning nuclei with Z 1 +Z 2 =83 and Z 1 +Z 2 =84 which are produced in charge-exchange reactions with a very small probability [55] . In the lower panel we observe a clear increase of the width of the charge distribution of the final fragments when decreasing the size of the fissioning nuclei. This behavior is interpreted as an increase of the temperature at saddle with the initial excitation energy. In this figure the measurements are used to benchmark different model calculations in order to quantify the magnitude of the dissipation coefficient. In particular we couple two intranuclear cascade codes describing the first stage of the collision, INCL4.6 [56] and ISABEL [57] , to the deexcitation code ABLA07 [58] . In intranuclear cascade codes, the collision of a high-energy projectile within a target nucleus initiates a succession of binary nucleon-nucleon collisions that may lead to the emission of pre-equilibrium nucleons. In INCL and ISABEL, nucleons are described as point-like particles, and as a continuous medium perturbed by the collisions induced by cascade particles, respectively. Nucleons in INCL are endowed within a realistic phase-space density (Woods-Saxon in configuration space, hard Fermi sphere in momentum space), while in ISABEL, both projectile and particle follow a folded Yukawa density distribution. In INCL, the excitation energy and the angular momentum induced by the intranuclear cascade are computed according to particle-hole excitations. The cascade stops self-consistently when the prefragment is assumed to be thermalized. In contrast, in ISABEL the cascade stops when the energy is below a specific cutoff energy. In both codes, the remaining excitation energy is distributed among all the nucleons.
The ABLA code describes the deexcitation of a thermalized compound nucleus by fission or by the emission of light charged particles, γ-rays, neutrons and intermediate-mass fragments (IMF) following Weisskopfs model [59] . The fission probability is computed according to a time-dependent fission width following the analytical description of the solutions of the corresponding Fokker-Plank equation proposed in Refs. [30, 60, 61] . The code also allows to evaluate the fission width according to the transition-state model of Bohr and Wheeler [4] or the time-independent formulation of Kramers [5] . Important parameters in the code are the level density parameters that are calculated according to the parametrization proposed by Ignatyuk [62] and angular momentum dependent fission barriers which are taken from Sierks finite-range liquid drop model [63] .
The benchmarking of these model calculations presented in Fig. 1 shows the sensitivity of the partial fission cross sections and the width of the charge s. This result is in good agreement with others previously obtained using fusion-fission reactions [37] [38] [39] 49] . Moreover, the fact that we are able to describe the data over a broad range of Z 1 +Z 2 values with the same dissipation parameter would indicate that, contrary to some previous results, this parameter does not depend on temperature. These observables have also been used in Ref. [50] to investigate the role of the description of the level densities at ground and saddle deformation in the fission process. The upper panel in Fig. 2 shows that different descriptions of the fission decay width can reproduce fission cross sections provided that specific values of the ratio of the level density parameter at ground and saddle deformation are chosen. This argument was used by the authors of Refs. [51, 52] to conclude that purely statistical descriptions of the fission decay width could describe the cross sections of fission reactions induced at high energies by using appropriate values for the level densities. We can then conclude that the theoretical description of the ground-to-saddle fission dynamics is a multiparametric problem that can only be solved by using several independent observables measured simultaneously.
Saddle-to-scission dynamics
Dissipative effects at large deformation has been traditionally investigated by measuring the prescission emission of neutrons [18, 32, 33] , GDR γ-rays [17, [34] [35] [36] or light-charged particles [38, 45] . In many of these works fission cross sections measured in coincidence were used to determine the ground-to-saddle dissipation parameter. These results are in good agreement with the values obtained in spallation and fragmentation reactions discussed in the previous section β ground−saddle ≈ 4-5 10 21 s −1 . Most of the experiments providing values of the dissipation parameter at large deformation using prescission GDR γ-rays [35, 36] and neutrons [32, 33] [64] . Recently, an experiment to investigate dissipative effects at large deformation using the reaction 208 Pb+p at 500A MeV in inverse kinematics was conducted at GSI. The combination of a large acceptance dipole magnet with accurate tracking and time-of-flight detectors, and performant ionization chambers made it possible for the first time to identify in atomic and mass numbers both fission fragments and determine their velocities with high accuracy [23] . These measurements provided a precise characterization of the fissioning systems at scission and allowed to determine the prescission neutron multiplicities from the isotopic composition of the final fragments and their velocities using momentum conservation and the the kinematic model for fission from Ref. [65] . The results are shown in the upper panel of Fig. 3 as a function of the size of the fissioning nuclei.
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The figure also depicts the result of several model calculations using different assumptions to describe the saddle-to-scission time. In particular calculations were run for the cases where no particle evaporation between saddle and scission is considered, the saddle-to-scission time is calculated from statistical considerations or this time is obtained with a dynamical calculation assuming a value of the dissipation parameter of β saddle−scission = 18 10 21 s −1 according to Ref. [66] . As can be observe, the rather large error bars associate to the multiplicity of prescission neutrons caused by the accuracy in the measurement of the velocity of the fission fragments does not allow to really benchmark those calculations.
An alternative was to use the neutron excess of the final fission fragments. Although the final value of the neutron excess of the fragments is defined by the neutron evaporation pre-and postscission, dissipative effects will only affect the prescision fraction. Moreover, this is an observable that it is determined with high accuracy in the mentioned experiment. In the lower panel of Fig. 3 we depict the neutron excess of the final fission fragments measured in the reaction 208 Pb+p at 500A MeV as a function of the size of the fissioning nuclei. As can be seen, the error bars are relatively smaller than in the case of the prescission neutron multiplicity shown in the upper panel of the figure.
In the lower panel of Fig. 3 we also show the results of the model calculations described above. This benchmarking clearly shows that the new observable is more sensitive to the different model calculations. Moreover, the evolution of the neutron excess over the complete range of size of the fissioning nuclei can be nicely describe with a value of the dissipation coefficient of β saddle−scission = 6.5 ± 2.0 10 21 s −1 . The difference with respect to previous measurements could be due to the low efficiency affecting prescission neutron and γ-ray measurements, and the limited sensitivity of these observables to the model calculations unless extremely accurate measurements are done.
Considering the final accuracy in the dissipation parameter at large deformation and the one obtained at small deformation β ground−saddle = 4.5 ± 1.0 10 21 s −1 it was concluded that both values are compatible, and no dependence of the dissipation parameter on deformation is then observed.
Conclusions
The investigation of the fission dynamics still represents a real challenge for physicists however, the last decade brought impressive progress in experimental and theoretical studies. From the experimental side one can highlight the use of inverse kinematics to better identify the fission fragments. Indeed, very recently it was possible for the first time to fully identify in atomic and mass number both fission fragments using inverse kinematics and a state-of-the-art detection setup.
The progress in the experimental techniques has also allowed to use fragmentation or spallation reactions to investigate fission at high excitation energy, low angular momenta and small shape distortion in the fissioning nuclei, fulfilling the optimal conditions for the study of the dynamics through dissipative effects in fission. These advanced experiments made also possible the use of new observables. Some of these observables could be measured simultaneously in the same experiment providing stringent constraints to the different parameters affecting the theoretical description of the fission process such as level densities at ground and saddle deformation and the dissipation parameter governing the coupling between intrinsic and collective degrees of freedom. Indeed, the magnitude and possible dependences of this parameter on deformation and temperature have been a subject of vivid debate.
Partial fission cross sections and the width of the charge distribution of the final fission fragments sorted as a function of the sum of the atomic numbers of the two final fragments, have been proven to be optimum observables to constraint the nuclear viscosity at small deformation. All studies suggest a value of the dissipation parameter at small deformation of β ground−saddle = 4.5 ± 1.0 10 21 s −1 .
The recent isotopic identification of the final fission fragments gave access to a new and accurate observable to constraint the dissipation parameter at large deformation, the neutron excess of the final fragments. The description of this observable with model calculations is compatible with a value of the dissipation parameter from saddle to scission of β saddle−scission = 6.5 ± 2.0 10 21 s −1 . Considering the accuracy in both dissipation parameters it was concluded that they are compatible and then no evidence for a deformation dependence of this parameter is observed. Moreover, all observables are described over a broad range of sizes of the final fragments, very much correlated to the initial excitation energy, with the same values, therefore no dependence on temperature was observed.
